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Skin end structural  temperatures heve been  obtained on the X-= 
and X-= research ai-?lanes under t ransient  aerodynamic heati-ng  condi- 
Zions at SFeedS up t o  Ykch nmbers fiear 2.0. Exiensive  tenperature 
neasurenents were obtained  throughout  the X-l3 airplme, and tenperatwe 
dis t r ibut ions  are  ahowm on the ncse cone, the  wing, end tine v e r t i c a l  
tail.  Temgera-cures fo r   t he  X-lJ3 wing leading edge and interne1 wing 
s t ructure  were cmpred   w i th  similar data for "fie X-=. 

Ilo c r i t i ca l   sk in  end structural temperatures were obtained OZ! t he  
7;xo airplanes over the range of these tests. 

Sh-plified  calculations ol" the  skin  temperatures  in  the k i n a r -  
flow regions of %he  nose  cone  and the  leading  edges  agreed  favorably 
v i th  t h e  general   trends  in  the meas-med data. The f la t -plate   skin-  
terqereture  calculations  in  the  turbulent-flow  regiol?s  agreed  fsvorably 
w i t h  the neasured dsta on t he  nose co,n-e and at the aidsemispan s t a t ion  
of the uing Sui; overestimzted the  ver t ica l - ta i l   sk in  terqeretures End 
also  the Lipper ving skin  temperature  near  the wing t i g .  Tie r e k t i v e l y  
low values of the  up~jer sk in  temperatures t h a t  were measured at %he wing 
t i p  were believed t o  be caped  by separated-flow e f f e c t s   i n  this region. 

I n   t h e  desigr! of supersonic   e i rcraf t ,   eerodpmic hea-iing i s  
becoming increesirgly  important.  AnzlyXcal  scudieo and controlled 
besting  represent the basic methods u t i l i z e d   i n  the fiesign of complex 
structures  to  withstand the effects  of aerodynmic  heating. 
L 

Conc-crezt wi th  the brsic reseerch  studies, the National  Advisory 
Cormittee f o r  AeronaGtics is conducting  a program at the NACA High-Speed 
Flight S-Lation a t  Z d w d s ,  Calif., t o  hvestigz-ie the  skin acd s t ruc tu ra l  

sonic  speeds. Tfie Furpose of t h i s  paGer is  t o  summarize the results of 
. t e q e r e t u r e s   z c t w U y  experienced by aimlanes  during  Tligkt at super- 
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this  progran  to  the  present  tine.  The  results  of  simplified  calculations 
of the  skin  temperatures  are  compared  with  the  measured  da%a  in  the 
regions  of  the fusehge nose  cone  and  the  wing  sr,d  vertical-tail  skins 
and  leading  edges. 
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SYlvIBOLS 

wing  semispan 

chord  lengbi.1 

average  heat-transfer  coefficient,  Btu/sq  It-hr-%' 

pressure  altitude, ft 

Mach  number 

local  surface  pressure,  lb/sq  ft 

. free-stream  static  pressure,  lb/sq  ft 

free-stream  dynamic  pressure,  lb/sq ft 

recovery  fact or 

skin  temperature, ?F 

adiabatic  wall  temperature, ?I? 

free-strean  stagnation  temperature, ~,(1 + o .2~2), 9 

free-stream  ambient  air  temperature, %' 

tinii,  sec 

angle  of  attack,  deg 

thickness,  in. 

TESTS 

Data  have  recently  been  obtained  on  the X-IE airplane  at  Mach r?m- 
bers  up to 2.10 and  on  the X-lB at  Mach  numbers up to l.&. (See  fig. 1.) 
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These speeds  do  not  necessarily  represent the lraximum speed czpabi l i t i es  
of the  eirpleEes. Both airplanes are constructed  primarily of alumimm. 
Texqerature meesurements were made at a g p r o x h t e l y  60 locations on tce 
X-lE, and approxhately 300 -LeEperahres were measured on the X - B .  

Figure 2 shows the  fligh';  conditions for bo th   a i c l anes  -mder which 
the  tenperatu-res were obtained. The  Mach number, pressure  alt i tude,  
ambient air teaperatu-re, and angle of a t teck Ere shown es time his tor ies .  
A s  can be seen,.t'ne two f l ights   are   general ly  sLrr!il.ar. 

Transient  heating  conditiozls were exgerienced by both  ai-hnes 
during  the  f l ights.  The m~ximum heeting  rate was experienced on the 
thipner  skinned X-lB end was on the  order of 3 O  per second. 'This heetir!! 
rate is r e l a t ive ly  low i n   c a p a r i s o n  w i t h  t he  rates being  obcained on 
missiles and rocket models and in  controlled  wind-twnel  tests;  however, 
it is believed t o  be representstive of the  heating rates which are being 
experienced or which T ~ l l  be experienced in   the  near   future  by fighter 
and interceptor  aircraTt. 

CALCUIATIONS 

For leminar flow i n  the stagm-tion  regions, approxi-llrate heat-transfer 
coefficients were celculated from exgressions  relating the Nusselt number 
and the  Reyllolds nmber  given by Stine end Wa~dsss. (See ref. 1.) I n  
the  regions of f la t -plate   turbulent  flow, approxhate  heat-traqsfer coef - 
f i c i en t s  were calculated by using Colbu-rn's expression. These ca l cuh-  
t ions  were g r e a t l y   s h p l i f i e 6  by the  use of free-stream  conditions. 
This procedure was considereci jus-iified i n   t h a t  only the overa l l   e f fec ts  
were desired. A detailed  %heoretical   analysis i s  rot considered t o  be 
within  the scope of this reporb. 

The r e su l t s  of the  calculations just descrToe& indicated  re la t ively 
s n d 1  variat ions  in   the heet -transfer  coefficients  with t h e ;  theref ore, 
average  velues were dete-rmined and  used Fn celculaking  the  skin 
teaperetures. 

Newton's law of heat flow t o   t h e  skin, which considers the heat   c~pec-  
ity of the material and neglects the efTects of conduction, was assumed. 

RESULTS E,ND DISCUSSION 

The X-1B installation  provides a rzther detailed  case  history of the 
temperatures  thak exist throughout G actual  airplane; and, i n  view of 
t h i s   f a c t ,  more a t ten t ion  is  given t o  the X-lB rhte ir- the  presect  paper. 

z 
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The X-1E data   are  used to   po in t  out  any differences that e x i s t   i n   t h e  
measured terrperatures due t o   e i t h e r  t5e conTiguration or the  construction 
o r  both. 

Some of the  naxixun keemseratures thaz were measured on the  X-IB and 
EX Indication of tke  higher  temperature  areas on the  airplane are snowx 
i n  f igure 3. The nose of the  airplane and tke  leading  edges of the wing 
and %ail  surfaces  are shaded i n  figure 3 t o  iEdicate  the  higher tempera- 
ture   areas .  The aF~roximate thermocouple locations  are  -indicated by the 
dark  poicts. The ~xlmxrn  szagnation  texperexure f o r  t he   f l i gh t  was 220' F. 

A mximum skin  texyeratlxe of 185O F 7 n s  neasured at the forward  point 
of the  nose  cone. On the wing leading edge the maxbm temperature was 
lb;do F. A maximu.r. tex-prature cn t'nis  order  vas  also measured on the 
leadisg edge of t he   ve r t i ca l  tail.  The rixinun  temperztures  in  other 
general   areas  are e l so  shoym-.  Some of the  temperatures shown at these 
loca-Lions are apprecizbly  affected by interns1  heat  sowces and heat 
sinks; for instance, t h e  fuselage  skin  tezqerat-mes  adjacent t o   t h e  
l iquid oxygen tank   a re   re la t ive ly  lov (130 F); vhereas, j u s t  ahead of 
t h z t  area on the  fuselage skin a mximun? of 122'-F was measured. O-iher 
areas of ic-cerest  are  the  windshield and canopy and the rearward par t  
cf the  fuselage i n  tke  region of the  rocket  engine. 

It shodld be pointed  out t'nat the mxim-urn temperatures shown i n   f i g -  
ure 3 d i d  not a l l  occm zt the  saye t ine.  I n  areas where in te rna l  con- 
duction i s  Eegligible, skFn thhkcass ,  boundary-layer  temperature, and 
the  heat-transfer  coefficient Ere the priJllzry f ac to r s   a f f ec t iq   t he   sk in  
temperature rise. 

Flgurre 3 gives  an  overall  picture of the neasured temperatures. 
I n  szbsequer;-L figures,  %he tenperstwe  distribu-bims In The areas of the 
nose cone, The wirg skins,  the  leading eSges end the   ver t ica l  t a i l  are 
cor-sidered in   greaser   detai l ;  ar_a conparisons are Fade with  calculated 
resul-cs.  Attention i s  given  only t o   t h e  supersonic  portion of the   f l igh ts ,  
since zt ;:le subsocic  speeds  zhe  cmbined  ezfects of increasing Mach nun- 
ber and decreasing ambienk air tempera-lure protkced  only small c h n g e s   i n  
the  skin  temperatures. 

Figure 4 shms t k e  xcse Gf the  X - B ,  where both  skin-temperature and 
pressure measurernects vere mzde a% inzervals  along  the  nase between sta- 
tion 0 and statlor- 53.0. The pressure data are   plct ted as pressure  coef- 
f i c i e n t s  at t h e   b o t t m  of t he   f i gwe .  The neesu-red skin terngeratu-res are 
Sham i n   t h e  upper -gam of t he   f i gme  &s the open symbols. The skin tern- 
Feratxze  decreases  cver  the fcrvmd part of the :lose cone, the  laminar 
fLwv calculations shoving f a i r l y  good agreement. ?his  variation is  fo l -  
lcwed by a region of no change in   the  skin temperature and then an increase 
T,r;ward the reer of %he x s e  ccne wkere the  calcxlated  t-mbulent  f let-plate 
end coze samperatures a re  apprszched. I n  t h i o  regton  the nose-cone 

I-.-" 



- shspe  esymptotically  approaches  the  cylindrical shape of the  fuselsge, 
afid the pressu-re  drops t o  near  the  free-stream  vdce. The overal l  ten- 
perature   var ic t ions  that   are  shown suggest that t r a m i t i o n   f r m  larrinar 
t o  tllrbuient Tlow takes  nlace  alocg  the nose at &bout 25 t o  30 percent 
03 the rose-cone lengbiz, fully  turbulent  flow  developing et the rear of 
-Lhe nose colze. A sumn?ary of various  wind-tunnel data on cones  and  bodies 
of revolution  indiczted this gene ra l   t r ans i t i oml  area. 

Tce skin on the nose cone m s  r e l a t i v e l y   t h i n   i n  coxparison  with 
tha t  on other  areas on t5e a i r p h n e .  'The e f f ec t s  of varying  skin  thick- 
ness on the  skin  temperatures cen  be  seen I n   f i g m e  5.  Figure 5 shows 
the  spanxise  distri5utioGs of mxi-rt?ulll temperztu_res on the  upper wing 
skin a t  the 66-percent-chord  Line end at the  leading edge. Tine span- 
wise varietion Fn the skin  thickness is shwm below. The tsngerature 
verietions  indicate  an  inverse  reletionship  betyeen  the  skin  terqerature 
end the sk in  thickness at both chordwise sosi t ions.  The trend which 
would give  r ise  to  themoelastic  considerEtions  at   higher  temperatme 
levels  i s  clear ly   seeh  in   tke &te here. 

m e   c a l c u t e d  temperatures,  show-  by tine dashed l i n e s   i n  figure 5 ,  
vere &sed OE a constant  spacwise  heating  inprrt, laminar for the leading 
edge and zurbulent  for the 66-percent-chord l ine ;  and the same variat ions 
due t o  thickness  are  seen  in  the  calcukted  tenperatures. 

Tne data i n  figme 5 a lso   i l lus t ra te   the   d i f fe rences  i n  t'ce skfn 
temperature w i t h  chordwise  position. Both top and bottom skin  tempera- 
t u re s  were measured a t  several  chordwise posit ions at about midsemispall 
and near the t i p  of the wing. Tiese data are presented i n   f i g u r e  6. 
~n th i s   f i gu re  the c a l c u h t e d   t e q e r a t u r e s  were e s t h a t e d  on the basis 
or" zero  angle of attack. No detailed consideration is given t o  the 
e f fec ts  of angle of attack OD the  neaslrred  temperatures; however, from 
an  overell  standpoint it should  be  recelled from f igure 2 that   the ,angles  
of a t tack were positive  during  the flight and were on the  order of 2O 

- 

t o  loo. 
The d ~ t c  of figure 6 i l lustrate   several   in terest ing  t rends.   Firs t ,  

cotice the chordvise  temperature  gradients that are shown at the  m i d -  
senispan  station. Tne higher telrperatures  are  eeerienced at the leading 
edge end t h e   t r a i l i n g  edge  (which at th i s   loca t ion  i s  the  outboard t i p  of 
the flap),  and %he lover  teEperatures ere eqer iexed  on the   th icker  
skimed wing box section. 

Secondly, note  the  differences  in temperaturre  between the top and 
bottom skins at the  two span stations,   the  bottoz  skin  temperature beips 
higher  in both cases. A t  the tis stat ion,   the  I"aFrl3.l large  differences 
seen betweer. the  top end bottom  skin  suggest that tbe flow  night be par t ly  
sepere-ied i n  th i s   a rez .  
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The mproxb- te   ca lcu la t ions ,  which were based on the  essunption 
of larci?lar flow  over the leading-edge  section and turbulect flaw over 
the  remainder of the chord, give a f a i r l y  good overall   estirmte of the 
skin  temperazures a t  the mi6senispan s ta t ion.  A t  the t i p   s t a t i o n   t h e  
calculations  agree  fairly w e l l  w i t h  the bottorr; skin  temperature; however, 
they  indicate  an  overesth=te of the  top  skin  temperature,  probably 
because of the flow  effects  previously  nentioned. 

An exmple of the   in te rna l  temperacures tha t  were neasured  through 
the wirrg is seen in   f igure  7. S?own in   t he   f i gu re   a r e   t he   f ron t  wing 
spars a t  about  midsenispan on the X-= and the X-lE. The temperatures 
were measured at the  locations shown 3y  the  black  dots on the  s t ructures ,  
an6 the  values are given on the  right-hand side of the figure. The higher 
temperatures shorn for the X-E3 were'measured on the  skin a s l ight   dis-  
tance from the  spar. 

In   order  co give  an  indication of t'ne tenperature rise that  has  taken 
ylsce i n  the  internal   s t ructure ,  it is  worthwhile t o  nention  that   the 
ambient a i r  %emperatures w e r e  between -TO0 F and -goo F and that the 
assmed  turbulent  adiabatic ~ ~ 1 1  t ape ra tu rea  were  on the  order of 200' F 
fo r   t he  hi-ghest Ikch  Zubers  shown here. "he neesured interzel  tenpera- 
tures   are   re lgt ively l ~ w  and show only  slight  temperature  gradients  across 
the  5hickness of the  X-lB wing, the lower tenperature  being  obtsimd on 
the  spar  center  l ine.   Essentially no differences  are  seen on the  thick 
spar  construction of the X-LE: wing, the heavier  type of construction of 
the X-lE having 2. temperature-neutralizing  tendency due to   the  higher  
heat  capacity. The t h e m 1   k g  effec-l i s  a lso  seen  in   f igure 6 by the 
increase i n  the  aeasured  temperatmes  as  the Mach nunber decreases  in 
the   l a te r   qor t ions  of the I'ligqts. 

Zffects of mker l a l   t h i chess   d i f f e rences  are also  seen  in   the meas- 
irred leading-edge  texper&xres. Tinese data are  shown in   f igure  8 i n  
t he -h i s to ry  f x x  tcgether  with thre k is tor ies  of the assumed lamimr 
adicb&tic wall t eqe ra tu res .  'The loca5ions st YJhich the  tezgeratures 
were XeasureS! a re  shown by the dark  points on the leading-edge  sketches, 
alld t he  material  thiclkresses  are  given at   these  locations.  Values of 
the  average  heat-transfer  coefficiezLs  utilized  for  the  calculated  ten- 
pera twes   a re  showr-below the sketches. Tae calculated  temperatures  are 
seen i o  agree  very v e i l  with the  Keasured data. 

K a x h m  t eqe r&ures  on the s&ze order of nagnitude were neasured 
on the wing and ver t ical- ta i l   leading edges of the  X-IB. For comparison, 
the +lel;?peratu"es that  vere measured 2% the  rear  of the  solid  leading 
edge of ihe x - u  are  seen in the? middle of t h e   f i w r e .  It w i l l  be 
notice&  that  the KZxiKun  Ir.eas-.xred temperatwe -was  on t j e  order of 200 F. 
The high  heat  c&pacicy of the  solid  leading edge is the contributing 
f a c t o r   t o   t h e  sml l  rise i n  the  temperature measured a t   t h i s   l oca t ion .  
The calculate6 skin t e q e r a t u r e  is  shown t o  agree  very w e l l  with  the 



. 
neasured  data; however, t h i s  r e s u l t  i s  not  cocsidered  significant  because 

reduct ion  in   the assumed heat-transfer  coefZicient a6 th is   po in t  would 
produce a decrease i n  the  ca l cuk ted  aaxhum temperature of 7 O  P.) 

L t+e Keesured temperatwes ere re la t ive ly  low.  (For example, a 50-percent 

The chordwise variation io the ver t ica l - ta i l   t en5era tmes  is shown 
in   f i gu re  9 for a time  near naxhxu %ch  number a t  neer midspan. The 
temperatures were measured O L ~  the  ski= and sper center   l ines  at the  loca- 
t ions  shown by the black  dots on the  sketch. No apsreciable  gradients 
are seen FE the chordwise vzr ia t ion of the measured skin  tenper&ture. 

Transition frm lamimr t o  turbulent   f lov WEB assumed to   t ake   p lace  
a t  the  point where the leading-edge sect ion  a t taches  to   the  f ront   spar  
because  inspection  revealed a re la t ive ly   l a rge   d i scont inui ty   in   the  skZn 
at this  point.  Skin  temperetures  calcuhted from the  average  heat- 
transTer  coefficients shown and based on these  assumptions  agree fairly 
well  with  the  xessured  trends i n   t h e  leadizg-edge  region  but  deviate 
somevh&t over  the  remzinder of the chord and give a conservE;tive ove r r l l  
e s tba te  in   th i s   reg ion .  

Skin and structu-ral  temperetures have been  obtained 011 t h e  X-IB 
and X - U  research  airplanes under transient, aerodyzmxic heating  condi- 
t ions  at speeds up t o  Mach numbers near 2.0. Exbensive teEperature 
measiu-ements were obtained  throughout  the X-1s air-phr?e,  and  temgerature 
dis t r ibut ions  are  shown 03 the  nose  cone, the w i n g ,  and the   ve r t i ca l  
ta i l .  Temperatures for   the  X-LF: wing leading edge  and in te rna l  wing 
s t r u c t w e  were compared -d th  shilar &ta for the  X - U .  

No c r i t i ca l   sk in  an6 structural  temperatures vere obtained on the  
two airplanes over the  range of these   t es t s .  

SimplifFed calculations of the skin  temperat-aes i n  the h L n a r -  
f l ov   r eg ims  of the nose cone end the leading edges  akreed  favorably 
with the geceral  treEds Ln the measured data. The fh t -p l a t e   sk in -  
temperature  calculations  in the  turbulent-flow  regions  agreed  fzvorably 
with  the measured date on the nose  cone  and E;i; the midsemispan s t z t ion  
of the  ving but  overestipaated the ver t ical- ta i l   skin  teaperatures  and 
a l s o  %he upper wing s-kin temperature  near the wing tis. The re la t ive ly  
low values of the Epper skin  temperatures that were xeesuzed at the  wing 
t i p  were believed t o  be  caused by separated-flow e f fec t s  i n  this region. 

Ugh-Speed Flight  Station, 
National  Advisory Committee for  Aeroneutics, - 

Edwzrds, Calif., March 6, 1957. 
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RESEARCH AIRPLANES 
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Figure 2 
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MAXIMUM MEASURED  TEMPERATURES, X- I B 
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Figure 3 
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MAXIMUM SPANWISE SKIN TEMPERATURES, X-IB WING 
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Figure 6 
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MEASURED INTERNAL WING  TEMPERATURES 
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Figure 9 




